The authors demonstrate optimal control of the propagation of ultrashort, ultraintense ͑multiterawatt͒ laser pulses in air over distances up to 36 m in a closed-loop scheme. They optimized three spectral ranges within the white-light continuum as well as the ionization efficiency. Optimization results in signal enhancements by typical factors of 2 and 1.4 for the target parameters. The optimization results in shorter pulses by reducing their chirp in the case of white-light continuum generation, while they correct the pulse from its defects and set the filamentation onset near the detector as far as air ionization is concerned. However, since numerical simulation of the propagation of high-power, large-diameter laser pulses is time consuming, it is generally not possible to define the best laser conditions to optimize a specific property of the filaments. The advent of spatial light modulators ͑SLMs͒ and acousto-optical modulators made a target optimization of ultrashort laser pulses possible by addressing their spectral components independently, applying specific phase shifts or modulating their intensities. This ability was applied for coherent control of atomic and molecular interactions. 17, 18 Since the large number of parameters at play in such optimization prevents in most cases any explicit calculation of the optimal pulse shape, nondeterministic algorithms such as genetic algorithms are widely used to maximize or minimize a predefined experimental parameter. 19 In return, the optimal shape found by the algorithm is often considered to bear information about the physical process at play.
namic balance between Kerr-lens focusing and defocusing by self-induced plasma generation. In the atmosphere, filaments have been observed up to a few kilometers away from the laser source. 2 They can be generated and propagated even in perturbed conditions such as clouds 3 or turbulence. 4 Their ability to generate a "white-light laser" 5 by self-phase modulation ͑SPM͒ as well as long conducting plasma channels opens the way to atmospheric applications. 6 The possibility of controlling to a certain extent the basic features of the propagation of ultrashort laser pulses has been demonstrated recently. Besides the long-known effect of an initial focusing of the beam, 7 the effects of the initial pulse chirp, 2, [8] [9] [10] [11] spatial filtering, 12 beam profile, 13 pulse energy, 14 initial focus, 15 and polarization 16 have been investigated.
However, since numerical simulation of the propagation of high-power, large-diameter laser pulses is time consuming, it is generally not possible to define the best laser conditions to optimize a specific property of the filaments. The advent of spatial light modulators ͑SLMs͒ and acousto-optical modulators made a target optimization of ultrashort laser pulses possible by addressing their spectral components independently, applying specific phase shifts or modulating their intensities. This ability was applied for coherent control of atomic and molecular interactions. 17, 18 Since the large number of parameters at play in such optimization prevents in most cases any explicit calculation of the optimal pulse shape, nondeterministic algorithms such as genetic algorithms are widely used to maximize or minimize a predefined experimental parameter. 19 In return, the optimal shape found by the algorithm is often considered to bear information about the physical process at play. 20 The spectral amplitude and phase dependence of the pulse is expected to affect the filamentation process via different mechanisms.
͑1͒
The envelope intensity profile determines the nonlinear focusing process of the beam. ͑2͒ Propagation in air induces group velocity dispersion, which can be precompensated by spectral phase control. ͑3͒ SPM originates from the intensity variations within the laser pulse envelope. A shaped pulse with steeper intensity fronts will therefore experience a more efficient energy conversion into the white-light continuum. ͑4͒ Multiphoton ionization of air molecules is sensitive to the spectral and temporal pulse characteristics; hence the control of these parameters may result in a change in the dynamic balance between Kerr effect and plasma defocusing, affecting the filamentation process itself. ͑5͒ Retarded Kerr effect might also play a role in the optimal pulse shape.
Notice, moreover, that pulse shaping and closed-loop optimization could also be used to improve the selectivity of multiphoton-excited fluorescence lidar for bioaerosol detection 21 or remote laser induced breakdown spectroscopy 22, 23 in the future. Recently, the use of closed-loop optimization to set the position of filaments in dye-doped water 24 or the yield of second-harmonic generation 25 was reported. In this letter, we demonstrate the optimal control of the propagation of ultrashort, ultraintense ͑multiterawatt͒ laser pulses in air over distances up to 36 m. We independently optimized three spectral regions within the white-light continuum as well as the ionization efficiency. We show that the optimized pulse shapes retrieved after the optical and the air-ionization measurements bear the signatures of the different physical mechanisms at the basis of the two processes.
The experiments were performed using the Teramobile laser, 8 which delivered 150 fs pulses of 210 mJ centered around 785 nm at a repetition rate of 10 Hz. Light from the supercontinnum was scattered on a neutral diffusive screen located 36 m away from the laser and focused onto a photomultiplier by a 20 cm telescope installed close to the laser in a lidar configuration. The signal in three different spectral bands ͑360± 5, 400± 5, and 500± 5 nm͒ was the optimizing variable in the optical experiments. Alternatively, optimizations were performed on the electron density, recorded by sonometric measurements 26, 27 after 28 m propagation of the laser beam. In both experiments, the signal was averaged over 50 shots.
Closed-loop optimizations 19 were performed using a genetic algorithm 28 and a liquid crystal SLM ͑2 ϫ 128 pixels, CRI͒ placed in the Fourier plane of an afocal 4-f setup. 29, 30 The SLM provides a high-resolution spectral shaping of the pulse, but its intrinsic low damage threshold imposed to set it between the stretcher and the regenerative amplifier of the chirped pulse amplification ͑CPA͒ laser chain. In this configuration, the amplification distorts the pulse shape applied to the SLM. However, this does not prevent the optimization, since the closed-loop algorithm suppresses the need for an explicit knowledge of the pulse behavior after it leaves the pulse shaper. Instead, the pulse distortions imposed by the amplification are part of the system to optimize. The pulse shaper was used exclusively to control the spectral phase, allowing maximal transmission of the light on each pixel. To reduce the search space, neighboring pixels were binned in sets of 4 , resulting in 32 effective pixels. At each generation, 30 individuals were investigated. To correct for possible drifts of the laser or the atmosphere along the optimization process, a reference signal ͑unshaped pulse͒ was recorded at the end of each generation.
Convergence to an optimum pulse shape was achieved after typically 40-60 generations and resulted in an increase in the signal compared to that generated by the reference pulse, for all optimizations performed. The enhancement factor was typically 2 ͑with a single event yielding a factor of 5͒ for white light and 1.4 for ionization. As shown in Fig. 1 , in the case of the white-light continuum, convergence is achieved in spite of very significant variations of the reference signal over time, showing that the genetic algorithm is able to learn even in a noisy environment. Here, the noise is mainly due to the fluctuations of the 10 Hz laser system, although drifts in the atmosphere also play a role. We checked that repeated optimizations of the same parameter yield comparable results.
Optimizing the white-light continuum ͑e.g., at 360 nm͒ from a slightly chirped pulse mainly results in a quadratic phase partly correcting this chirp ͓see dotted lines in Figs. 2͑a͒ and 2͑b͔͒ at the output port of the laser. The chirp is characterized by the slope of the pulse ridge in the timefrequency plane of the Wigner plot. The larger slope of this ridge in the optimized pulse, corresponding to a faster sweep of the wavelengths within the pulse, is the signature for a shorter, less chirped pulse. However, the optimization does not only correct a chirp but instead yields a rich pulse shape ͓Fig. 2͑b͔͒, which was observed to yield up to 20% more signal than could be obtained by tuning the grating compressor to optimize the chirp correction. 8 Maximizations of the white light at all wavelengths considered yield similar phase masks ͑i.e., the same optimal pulses͒, resulting in comparable relative signals at different wavelengths and similar spectra of the continuum around the fundamental ͑between 600 and 900 nm͒. This latter observation is unexpected, since different pulse shapes would result in different intensity gradient within the pulse envelope and hence in different broadening by SPM. The fact that similar pulse shapes maximize both the generation of the 400 nm and other wavelengths within the continuum indicates that all wavelengths are generated by SPM, while any possible contribution from second-harmonic generation ͑SHG͒ to the signal at 400 nm is negligible, even on the surface of the screen, where inversion symmetry is broken so that SHG is not forbidden. Note that our result contrasts with that obtained in the bulk, where, e.g., Schumacher 31 demonstrated the independent optimization of different wavelengths within the supercontinuum. The difference stems from the fact that filamentation is a much more complex process than only SPM in bulk media, as it invokes stabilization of different nonlinear effects such as plasma generation.
In contrast to the optimization of the white-light generation, the optimized pulse for ionization is stretched compared to the initial pulse ͓Figs. 2͑c͒ and 2͑d͔͒, resulting in a longer pulse ͑800 fs instead of 150 fs typically͒, as can be seen from the broader extent of the pulse along the temporal axis in the optimized pulse ͓Fig. 2͑d͔͒. The resulting lower peak power pushes the filament onset away from the laser output. As shown in Fig. 3 , the number of filaments increases steeply at the location of the microphone, which is consistent with our previous observation that the sound is maximal at the beginning of the filaments. 26 In other words, the genetic algorithm maximizes the plasma generation by maximizing the number of filaments at the location of the detector and setting their onset in this region. Indeed, the filament number increases by a factor of 1.7, close to the factor of 1.4 observed for the ionization signal. This is accomplished essentially by adjusting the chirp and correcting for the discrepancies from a Fourier-transform limited pulse. Moreover, further coherent control enhancing the multiphoton ionization of the air at the onset of the filaments may stem from the complex structure of the Wigner plot of the optimized pulse ͓Fig. 2͑d͔͒. The change in the filament onset is consistent with the positions observed for chirped pulse of similar duration. 8 In conclusion, we have demonstrated the optimization of nonlinear processes occurring over long distances in the propagation of multiterawatt laser pulses. Both the generation of visible wavelengths within the white-light continuum and the ionization efficiency at a fixed distance were increased by a factor of 2 and 1.4, respectively, by using optimal control procedures. Although the observed enhancement factor is modest compared to both other results in laboratory conditions and the needs for practical applications, our results demonstrate that pulse shaping can still be performed with high-energy laser pulses, even in relatively unfavorable conditions, including a noisy system and low repetition rate limiting the number of available laser shots per acquisition and hence the number of free parameters.
Nevertheless, the analysis of the optimized shapes shows that optimization of the white-light continuum is achieved by cleaning the pulse shape. Optimizing specific wavelengths within the white-light continuum results in optimizing the whole continuum. On the other hand, optimizing the ionization level at a specific distance mainly results in moving the filamentation onset close to the target location. This finding agrees with the previous observation that electron density decreases along the filament length. 26 Optimizing white-light continuum generation or air ionization within the filaments can be very advantageous for a wide range of applications, including lidar remote sensing, remote light induced breakdown spectroscopy, or the control of high-voltage discharges or lightning.
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